A rodent model of diet-induced obesity revealed that obesity significantly altered hematopoietic and lymphopoietic functions in the bone marrow and thymus. C57BL/6 mice were fed a mixed high-fat diet (HFD) of 45% fat or 10% fat diet (lean controls) for 180 d. A sustained increase in the numbers of cells found in bone marrow and thymus of HFD mice occurred from day 90 to day 180. However, with the exception of a 10-18% increase in the proportion of lymphocytes, the composition of monocytes, granulocytes, erythrocytes, and mixed progenitor lineages remained normal in the marrow. Likewise, thymuses of HFD mice increased 30-50% in size compared with controls, with analogous increases in thymocyte numbers. The overall thymus cellular composition remained normal. Although increased blood and lymphatic volume in obese mice would play a role in increased hematopoiesis, there were large and disproportionate increases in blood leukocytes of HFD mice, indicating that homeostasis was not maintained. Leptin, which promotes lymphopoiesis and myelopoiesis, reached 100 ng/mL in sera from HFD mice. Moreover, a three-to sixfold increase in adipocytes in marrow resulted in spiked leptin mRNA expression in bones of HFD mice compared with lean controls. Other cytokines and growth factors did not show any increases in obese marrow. The substantial increase in lymphopoietic and hematopoietic processes in HFD mice indicates that the primary tissues are another facet of the immune system dysregulated by obesity, which was perhaps fostered by higher amounts of leptin in marrow and serum.
A rodent model of diet-induced obesity revealed that obesity significantly altered hematopoietic and lymphopoietic functions in the bone marrow and thymus. C57BL/6 mice were fed a mixed high-fat diet (HFD) of 45% fat or 10% fat diet (lean controls) for 180 d. A sustained increase in the numbers of cells found in bone marrow and thymus of HFD mice occurred from day 90 to day 180. However, with the exception of a 10-18% increase in the proportion of lymphocytes, the composition of monocytes, granulocytes, erythrocytes, and mixed progenitor lineages remained normal in the marrow. Likewise, thymuses of HFD mice increased 30-50% in size compared with controls, with analogous increases in thymocyte numbers. The overall thymus cellular composition remained normal. Although increased blood and lymphatic volume in obese mice would play a role in increased hematopoiesis, there were large and disproportionate increases in blood leukocytes of HFD mice, indicating that homeostasis was not maintained. Leptin, which promotes lymphopoiesis and myelopoiesis, reached 100 ng/mL in sera from HFD mice. Moreover, a three-to sixfold increase in adipocytes in marrow resulted in spiked leptin mRNA expression in bones of HFD mice compared with lean controls. Other cytokines and growth factors did not show any increases in obese marrow. The substantial increase in lymphopoietic and hematopoietic processes in HFD mice indicates that the primary tissues are another facet of the immune system dysregulated by obesity, which was perhaps fostered by higher amounts of leptin in marrow and serum. T he bone marrow, which is located throughout the skeletal mass, is one of the largest and most active tissues of the body. Through complex differentiation pathways originating with hematopoietic stem cells, the marrow produces billions of new leukocytes and erythrocytes each day (1) (2) (3) (4) . Osteoblasts, chondrocytes, myocytes, adipocytes, etc., also arise daily from marrow mesenchymal stem cells. Because it is a highly vascular tissue, the marrow provides a highway for the constant transport of newly produced cells to the systemic circulation. Thus, the breadth of divergent events occurring daily in the marrow is remarkable.
Given the complex operations occurring in the bone marrow each day, it would seem logical to assume that it would be altered by disease states, changes in metabolism and metabolic diseases. However, the roles that the marrow might play in the etiology of disease have been largely overlooked. It is known, however, that increased proliferation of granulocyte percursors is observed in mice in response to inflammation and infection (5, 6) . Malnutrition, including zinc deficiency and protein calorie deficiencies, profoundly alters the primary immune tissues, especially the bone marrow (7, 8) . Stress, which may create elevated levels of endogenous glucocorticoids, initiates marked apoptosis among pre-B and pre-T cells while enhancing myelopoiesis in the marrow (9, 10) . In dextran sodium sulfate-induced colitis, the marrow exhibits marked declines in erythropoiesis and accelerated production of monocytes and granulocytes, thereby exacerbating the anemia and inflammation of the gut that accompanies this disease. These examples make clear that hematopoietic processes in the marrow are actively responding to new and diverse physiological processes and not simply maintaining homeostasis.
In addition to metabolic changes, obesity is also associated with chronic low-grade inflammation that leads to the increased production of adipokines, proinflammatory cytokines, leptin, etc., in blood (11) . These factors play a role in the development of several comorbidities associated with obesity, such as cardiovascular disease, diabetes, hypertension, arthritis, and stroke (12, 13) . Inflammation, along with documented changes in T-cell and macrophage function, indicates that immune dysregulation has occurred in the obese (14, 15) . Considering the system-wide changes occurring during obesity, it is possible that immune cell development in the primary immune tissues would be affected by obesity-associated inflammation, increased adiposity, and/or hormonal changes. Indeed, leptin-deficient obese ob/ob mice have a 40% reduction in the number of bone marrow cells and smaller thymuses compared with lean mice (16) . These same mice also have reduced lymphocyte numbers in peripheral blood (17) . Similarly, obese db/db mice, which have an inactive leptin receptor, have a deficit in lymphocyte progenitors as well as reduced B-and CD4 + T-cell numbers in peripheral blood (18) . Provision of recombinant leptin to ob/ob mice promoted both lymphopoiesis and myelopoiesis (16) . Thus, it seemed that leptin, which is substantially elevated in the obese, might alter hematopoiesis. Comparatively little was known about the effects of diet-induced obesity (DIO) on hematopoiesis. It is known that adipose tissue in DIO mice contains increased numbers of proinflammatory macrophages (adipose tissue macrophages) that are bone marrow-derived as well as a large number of stem cells (19) (20) (21) (22) . Similarly, obesity in humans has been associated with increased white blood cell counts (23) (24) (25) , but the role of the marrow in these changes was unclear.
Considering all of the aforementioned issues, it seemed plausible to assume that other obesity-related changes would occur in hematopoietic and lymphopoietic processes in bone marrow and the thymus. In this study, we investigated the effects of diet-induced obesity in young mice on hematopoietic and lymphopoietic function. Profound changes in the primary immune tissues were noted in the obese mice that persisted throughout 180 d of this study. monitored from day 7 to approximately day 180. HFD mice consumed the same amount of food in grams as mice fed control diet, indicating a lack of hyperphagia (Fig. 1A) . Because of the higher caloric density of HFD (4.73 vs. 3.85 kcal/g for HFD vs. control, respectively), HFD mice consumed ∼25% more calories than control mice (Fig. 1A) . Over time, this increased calorie consumption resulted in significantly elevated body weights in HFD mice throughout the experiment starting as early as day 7 (Fig. 1B) . HFD mice had body weights that were increased 10-15% by day 30, 20-30% by day 60, 40% by day 90, and 50-60% by later time points compared with controls. As expected, this weight gain was accompanied by significant increases in the amount of epididymal fat. Fig. S1 shows epididymal fat weight increased 1.8-to 3.0-fold in HFD mice. HFD mice also had significantly elevated serum leptin throughout the experiment (Fig. 1C) , ranging from a threefold increase at day 33 to a fivefold increase by day 162. Given the substantial increase in epididymal fat, this finding would be expected, because adipocytes are the primary producers of leptin. This significant and early rise in leptin would be important, because leptin is known to promote lymphopoiesis and granulopoiesis (16) , which will be shown to be enhanced in HFD mice. More modest increases in weight, fat, and serum leptin with age were noted in mice on control diet.
Effect of HFD on Bone Marrow Classes. To assess the effects of HFD on bone marrow cellularity and its hematopoietic composition, flow cytometry was used to analyze the proportion and total number of bone marrow cells in both control and HFD mice. A system that delineates the major subclasses of marrow cells of the hematopoietic system (e.g., erythrocytes, lymphocytes, granulocytes, monocytes, and progenitors) was used. Flow cytometric profiles and secondary antibodies used to validate these major hematopoietic populations (Fig. S2 ) have been used many times by our laboratory and others (8, 9, 26) . Examination of early, intermediate, and late time points after initiation of diet revealed that HFD mice showed little or no significant changes in cellular composition compared with control mice (Fig. 2) . Only starting at day 90 and continuing thereafter were modest increases in the proportion of marrow lymphocytes observed in HFD mice. The lymphocyte precursors increased at days 90, 142, and 162, ranging from 10% to 18% (Fig. 2) . Overall, HFD produced only modest changes in the composition of marrow, with the exception noted for the increase in the proportion of lymphocytes starting at day 90.
Although the relative proportion of marrow cell subclasses in HFD mice remained mostly unchanged, total marrow cell numbers tell a different story. Indeed, HFD mice had a significantly increased number of nucleated cells in the bone marrow starting at day 90 compared with lean controls. This increase in total marrow nucleated cells continued through day 184 of the study (Fig. 3) and represented a 20-25% increase in total cell numbers in marrow at each time point. This finding translated into increased numbers of cell subclasses in HFD mice compared with controls (Fig. 4) . In particular, total marrow lymphocyte number showed the largest increases in total numbers in HFD mice, with increases of ∼40% at day 90 and thereafter ( Fig. 4A) . Marrow granulocytes and monocytes were elevated in total number in HFD mice but were not significant except for at the earliest time point (day 33) (Fig. 4 B and C) . Of note, Fig. 3 shows a drop in marrow cell numbers in lean mice between days 33 and 60. This drop is believed to be an artifact of the experimental model, Mice fed a 45% fat diet (○) gained significantly more weight than mice fed a 10% fat diet (•). (C) Serum leptin in mice fed a 45% fat diet (white bars) was significantly elevated compared with mice fed a 10% fat diet (black bars; n = 7-8 mice per group). **P < 0.01. Fig. 2 . Distribution of bone marrow hematopoietic cell subpopulations in mice fed 10% or 45% fat diet. Bone marrow cells were labeled with anti-CD31 (clone ER-MP12) and anti-Ly-6C (clone ER-MP20), with cell subpopulations determined as described in Fig. S2 , including specific markers to confirm the identity and size of each marrow subpopulation. Data show the percent of total nucleated marrow cells for each cell type at various times after the start of diet. n = 7-8 mice per group. *P < 0.05, **P < 0.01.
because modest variations in cell counts are often observed between different groups of mice.
The observed increase in total numbers of bone marrow cells represents a very large overall increase given the large size of the skeletal mass in the body. Similar results were observed when the B-cell subpopulations of marrow were analyzed. Increased total marrow cell number translated to significantly increased total numbers of large and small pre-B cells, immature B cells, and mature B cells (Table S1 ).
Effect of HFD on Thymus and Thymocytes. The thymus is often a bellwether of immunological changes, altering its size in response to various stimuli, including stress, infection, nutritional status, etc. (27) (28) (29) , along with progressive atrophy with aging in both humans and mice (30, 31) . Because lymphocyte numbers were significantly elevated in the bone marrow of HFD mice, the state of the thymus was also analyzed. As can be seen in Fig. 5A , thymuses in HFD mice were 30-50% larger in size (wet weight) than thymuses from controls starting at 120 d on diet, and they remained significantly larger for more than 180 d. This size difference was caused by an actual increase in the overall size of thymuses in HFD mice rather than any significant decrease in the size of thymus because of aging among control mice.
Representative time points were chosen for analysis of the thymus for total numbers of cells. As expected based on the lack of change in thymus size up to day 90, no difference was observed in total thymocyte number between HFD mice and controls. However, by days 142, 162, and 184, when thymuses were significantly larger in HFD mice, thymic total cell counts were also 30%, 42%, and 55% higher, respectively (Fig. 5B) . Thus, increased thymus size in HFD mice resulted in increased total thymocyte numbers. This finding was also a rather remarkable increase from normal, and it indicates that there is active promotion of lymphopoiesis in both primary tissues.
Flow cytometry was then used to determine cellular composition in HFD and control mice. Representative time points were used, namely days 33, 60, and 90 for early time points and day 162 for times when thymus size was larger and bone marrow cell counts were increased in HFD mice compared with controls. The distribution of cells in thymuses from control and HFD mice was not significantly different when analyzing CD4/CD8-labeled subpopulations at any time point tested, including when the thymuses from HFD mice were substantially increased in size ( Fig. 6 A and B) . Thus, HFD did not significantly alter the distribution of CD4/CD8 cells in mice to include CD4 + , CD8 + , and CD4 + CD8 + subsets. Double negative (CD4
− ) thymocytes can be divided into four distinct subsets based on CD44 and CD25 expression (named DN1-4, respectively), which comprise sequential early T-cell precursors that make up a minority of the total thymocyte population. The proportion of double negative subpopulations of thymocytes was unchanged in HFD mice throughout the experiment, with the exception of modest changes at day 162 when the proportion of DN3 cells was reduced ∼15%, whereas the proportion of DN4 cells was increased by ∼14% (Fig. S3A) . The proportion of DN1 and DN2 subpopulations was not altered by HFD at any time point. (Fig. S3A) . These results indicate that only very modest alterations in the proportion of thymocyte subclasses were caused by HFD.
When total numbers of these thymocyte subpopulations were analyzed, no significant differences were observed between HFD and control mice up to day 90 on diet. On day 162, when thymus size was larger in HFD mice, double positive (CD4 + /CD8 + ) and double negative (CD4 − /CD8 − ) thymocytes both exhibited an ∼35% increase in total numbers in HFD mice compared with controls ( Fig. 6 C and D) . Total numbers of mature CD4 + and CD8 + T cells were not elevated in HFD mice compared with controls at any time point (Fig. 6E) . Mice fed the 45% fat diet (○) showed increased bone marrow cell numbers compared with mice fed the 10% fat diet (•). Data shown are the total numbers of nucleated marrow cells per two femurs. n = 7-8 mice per group. *P < 0.05, **P < 0.01. − /Gr-1 + ) were only modestly affected. Data represent total numbers of each marrow cell type in two femurs. n = 7-8 mice per group. *P < 0.05.
The total cell counts of double negative thymocyte subpopulations DN1, DN2, and DN4 were also significantly increased in HFD mice by 24%, 31%, and 53%, respectively, at this time point (day 162) (Fig. S3B) , whereas the numbers of DN3 thymocytes remained unchanged. These results indicate increases in early stages of T-lymphopoiesis and also fit with the increased total numbers of B cells and their progenitors in marrow. Together, these results show a general increase in lymphopoiesis in primary immune tissues in diet-induced obese mice.
Changes in Leukocytes in Blood Because of HFD. To determine if increased cell numbers in bone marrow and thymus of HFD mice affected peripheral sites, blood was collected from mice at two different time points (day 142 and day 171); at this time, thymuses were enlarged, and bone marrow cell counts were elevated in obese mice. Analysis of complete blood counts revealed 70-125% increases in total white blood cell counts at both time points as well as 75-120% increases in total blood lymphocyte number (Table 1 ). In addition, on day 171 when WBC numbers more than doubled, a threefold increase in blood neutrophil numbers was also observed. These results indicate that the changes occurring in the bone marrow and thymus of HFD mice are also manifest in blood, particularly with the observed increases in lymphopoiesis in HFD mice.
Expression of Growth Factors and Inflammatory Molecules in Bone
Marrow. The reason for increased cell counts in bone marrow of HFD mice is not known, but it may have involved increased production of growth factors, cytokines, and proinflammatory molecules that have been shown to have a role in modulating hematopoiesis. To assess this possibility, quantitative RT-PCR was performed on RNA of bone marrow cells from lean and obese mice to determine relative mRNA expression levels of a variety of growth factors and proinflammatory molecules as well as the hormone leptin. Stem cell factor was investigated, because it plays a key role in maintenance of hematopoiesis and expansion of a variety of hematopoietic progenitors (32) . Specific growth factors tested included the colony stimulating factors granulocyte colonystimulating factor (G-CSF), macrophage colony-stimulating factor (M-CSF), and granulocyte macrophage colony-stimulating factor (GM-CSF), which are known to play a role in the differentiation and proliferation of granulocyte progenitors, monocyte progenitors, and granulocyte-monocyte progenitors, respectively (33, 34) . The expression of IL-7 mRNA was investigated because of its role in the development and proliferation of marrow lymphocytes and their progenitors, especially precursor B and T cells (35) . Leptin was also a focus of this gene expression analysis because of its known role in hematopoiesis, especially lymphopoiesis and myelopoiesis (16, 36) . In addition, the expression of inflammatory factors IL-6, IL-1β, and TNF-α was investigated because chronic inflammation is a characteristic of obesity, and some inflammatory molecules have been implicated in increased granulopoiesis and monopoiesis (6, 28) . The expression of pattern recognition receptor Toll-like receptor 4 (TLR4), which plays a role in bacterial endotoxin signaling, was investigated, because TLR signaling has been shown to play a role in myeloid cell differentiation (37) . When isolated bone marrow cells were used as source for total RNA, no significant increases were observed in the expression of mRNA of any of the factors tested in HFD mice + thymocytes (E). n = 7-8 mice per group. *P < 0.05.
compared with controls (Fig. 7) . Leptin mRNA was not detected in isolated marrow cells. Because isolation of bone marrow cells from bone requires removal of red blood cells and other processing, adipocytes within the bone marrow do not survive the harvesting process. To assess the expression of mRNA from bone marrow containing adipocytes, whole bones (femurs) from control and HFD mice were processed for isolation of RNA, and RT-PCR was performed. Similar to what was observed in isolated bone marrow cells, growth factor and proinflammatory mRNA expression were not changed in whole-bone RNA from HFD mice compared with control mice. In contrast, a more than eightfold increase in leptin mRNA expression was observed in HFD mice compared with controls. These results suggest that leptin plays a role in promoting hematopoiesis in the absence of elevated expression of other growth factors and cytokines.
Analysis of Bone Marrow Adipocyte Number. Bone marrow is also known to contain adipocytes that are the primary producers of leptin. Total RNA from whole bone of HFD mice showed an eightfold increase in leptin mRNA expression compared with whole bone from control mice, whereas isolated marrow cells showed no detectable leptin mRNA expression; therefore, it was hypothesized that an increase in the number of marrow adipocytes might be the cause of the increase in leptin mRNA expression observed in bones of HFD mice. To assess the numbers of adipocytes in bone marrow, femurs were removed and processed for sectioning and immunohistochemical staining, which allows visual identification of adipocyte outlines or ghosts. The adipocytes in marrow were quantified by visual counting. Fig. 8 shows the average number of adipocytes counted per femur section from HFD and control mice. As can be seen in Fig. 8 , a significant increase in adipocyte number is seen in HFD mice compared with controls-sixfold increase at day 162 and threefold increase at day 176, indicating that increased leptin mRNA expression in marrow of HFD mice probably resulted from increased adipocyte numbers.
Discussion
The collective data herein clearly show that diet-induced obesity in mice substantially increased the number of nucleated cells in the marrow and thymus for the 180-d period studied. This finding alone is in marked contrast to the effects of aging, inflammatory bowel disease, stress, etc., that cause depletions in the primary immune tissues (3, 38, 39) . It suggests a complex interplay among the metabolic factors, cytokines, and adipokines that accompany obesity, and therefore, the end result is a promotion of lymphopoiesis and myelopoiesis. Because the marrow is located throughout the skeletal mass of the body, the observed 20-25% increase in marrow nucleated cells in HFD mice by 90 d is a noteworthy rise in cellular mass (Fig. 3) . Within the marrow, total cell numbers of the erythrocytic, monocytic, and granulocytic lineages increased, but proportions were unchanged (Figs. 2 and 3 ). Only cells of the lymphocytic lineages increased 10-18% above normal (Fig. 2) . This trend was mimicked by the greatly enlarged weight of the thymus of HFD mice (30-50% increase), which included increases in the number of CD4 + CD8 + thymocytes and mature single positive (SP) ) per microliter blood ± SD. † P < 0.01. ‡ P < 0.001. Fig. 7 . Analysis of expression of various genes in isolated bone marrow cells that would not contain adipocytes because of processing method and whole bone that would contain adipocytes from HFD mice. Total RNA was isolated bone marrow cells (white bars) and whole bone (black bars) and subjected to RT-PCR for relative quantitation of mRNA expression. Data shown represent expression of each mRNA in obese mice relative to expression in control lean mice. Data represent the average of two experiments for bone marrow and whole bone. For marrow, cells from days 142 and 165 on diet were used. For whole bone, femurs from days 157 and 165 were used. n = 8 per group at each time point. -, not detected. Fig. 8 . Quantification of adipocytes in bone marrow of HFD mice. Femurs from mice fed 10% or 45% fat diet were sectioned and stained with H&E for visualization of adipocytes. Adipocyte number was determined by counting the number of adipocytes per femur section using a light microscope (two sections per animal). Each circle represents one mouse, and black bars indicate mean for that group. n = 7-8 mice per group. *P < 0.05. cells compared with controls (Figs. 5 and 6 ). In sum, these substantial changes in the primary immune tissues add to the growing list of immune dysregulation known to be associated with obesity.
Thus, the question arises as to why obesity, with its numerous metabolic changes and presumed state of inflammation, would promote hematopoiesis and enlarge the marrow and thymus. A mundane explanation would be that a 40% increase in body weight in HFD mice by day 90, rising to a 50-60% increase beyond day 120, requires a larger blood and lymphatic volume to support this extra weight (Fig. 1) . This result, no doubt, is part of the needed change, but a substantial amount of the excess weight found in obese mice includes epididymal fat, which was from two-to fourfold greater than the amount found over time in the lean controls (Fig. S1) . In Fig. S1 as well as Figs. 1 and 4 , one can see that control mice also underwent modest increases over time in body weight and adipose tissue weight as well. However, these increases in lean mice did not translate to increases in the total number of lymphocyte, monocyte, or granulocyte precursors in their marrow. Moreover, over time, there was an actual decline in the lymphocyte lineages in the marrow and thymus of lean mice-the very lineages that increased the most in HFD mice (Figs. 4 and 5) . Finally, the distribution of WBC was changed in HFD mice (Table 1) , being almost double the normal number in mice on day 171 with double the proportion of lymphocytes. These increases are out of proportion, being beyond what might be needed for an expanding blood volume, and they correlate with observed increases in WBC in obese human subjects, including the morbidly obese (23, 24) .
Another explanation for the cellular increase in the primary tissues may be the two-and fourfold increases in adipose tissue that include substantial increases in adipocytes, which are the primary producers of leptin. Fig. 1C shows a fivefold increase in serum leptin in HFD mice over controls, with up to 100 ng/mL being similar to the increase noted in obese humans. Moreover, there were also three-and sixfold increases in the adipocytes found in the marrow itself by day 162 (Fig. 8) . This finding translated into a more than eightfold increase in the expression of leptin mRNA in the bones of HFD mice by day 162 compared with control mice (Fig. 7) . Whereas leptin was initially known for its role in controlling food intake, it has been shown to have many immunological properties, with many cells of the immune system bearing leptin receptors.
Recent studies have shown that, in the obese ob/ob mouse, leptin promoted hematopoietic processes to include lymphopoiesis and myelopoiesis when recombinant exogenous leptin was used to rejuvenate the depleted primary tissues of the leptindeficient ob/ob mice (16) . The ob/ob mice produce a nonfunctioning leptin and despite their large size, had atrophied thymuses and depleted hematopoietic compartments (16, 28) . Compared with same-aged lean controls, the lymphocytic lineages were depleted by 60%, with 40% and 25% depletions noted in the granulocytic and monocytic compartments, respectively (16, 28); 7 d of provision of recombinant leptin nearly restored the monocytic and granulocytic marrow compartments, whereas 12 d of supplement were required to rejuvenate lymphopoiesis. Others have noted accelerated thymopoiesis in ob/ob mice provided leptin (28) . Moreover, the provision of exogenous leptin protected mice from thymic atrophy when subjected to starvation or glucocorticoid treatment (40, 41) .
Although many mature cells of the immune system are known to have leptin receptors, there is disagreement over whether thymocytes have significant numbers of them (42, 43) . Studies of whole marrow indicate the presence of leptin receptors, but reliable quantitative information on the expression of these receptors on early lineages of cells is not yet available. Even less information is available on whether early cell lineages become leptin-resistant. Interestingly, neutrophils from morbidly obese subjects adequately performed key functions, such as phagocytosis, chemotaxis, and production of superoxide anion, despite being in an environment with high levels of leptin and inflammatory cytokines (25) . How high levels of leptin impact immune defense in the obese may well vary among classes of cells.
Interestingly, the enhanced number of WBC precursors in marrow and mature versions circulating in the blood does not translate into better immune defense. Whereas it was recently found that neutrophils even in morbidly obese patients could readily carry out phagocytosis, chemotaxis, and production of superoxide (25) , this finding is not normal for obese subjects. More infections, poorer responses to influenza vaccination, and increased production of inflammatory cytokines by T cells and macrophages have been noted in obese humans and mouse models (14, 44) . Thus, enhanced numbers of hematopoietic and thymic cells could be benign, or they could contribute to increased malfunction and inflammation. How these observations fit into the big picture of immune status in obesity awaits additional understanding of the status of the immune system as a whole.
One emerging problem is the variance in outcomes from laboratories essentially testing the same immune functions, which is clearly noted in a recent review (14) . Within the human population, not enough consideration is given to how variance in body mass index, diabetic status, age, and sex may impact outcomes. With regard to mouse models, there is growing evidence that the feeding of 45% fat vs. 60% fat generates variances in outcomes. It is well-known that a 60% fat diet creates an intensified state of hyperlipidemia, causing a much higher degree of fatty liver compared with a 45% fat diet (45) . In addition, discrepancies between 45% and 60% fat diets have been observed in mice when it comes to weight gain, insulin resistance, and fat mass in various mouse models (21, 46, 47) . There is evidence that 60% fat diets may also alter observed immune outcomes as well. In experiments where control C57BL/6 mice were fed chow (soy-or alfalfa-based) with 4.5% fat and others were fed a casein-based dietary formulation containing 60% fat, obese mice after 13 mo (390 d) on the diet showed an increase in perithymic fat, with reduced numbers of thymocyte subsets and reduced numbers of peripheral naïve T cells (48) . These changes were not noted at 3 mo (90 d) like in our study (Fig. 5) . Whether the subsequent decline in thymic size and cell numbers was a product of aging, the HFD, or both is not clear (48) . It, however, might be of benefit to the field if the 45% fat diet was used with the complementary low-fat control diet (both with casein as protein source) to provide more unified data to generate a model more analogous to high-fat human nutrition.
In sum, obesity based on the DIO mouse model used herein seems to be among the growing list of diseases and conditions that alter marrow and thymic function. Given the level of proinflammatory cytokines and metabolic changes that accompany obesity, it was somewhat surprising to find enhanced numbers of WBC precursors in marrow and thymus and WBC in blood of HFD mice. Although not the only factor, the large increases in leptin in the blood and bone have a high probability of contributing to the observed results. It is acknowledged that leptin may not have been the only contributing factor and may simply stand in for other factors that accelerated lymphopoiesis and myelopoiesis. Additional experiments are required to address this matter and determine if there are any deleterious effects on the host created by the increased output of the marrow and thymus.
Materials and Methods
Mice and Diet. Male C57BL/6 mice (4 wk) were purchased from Jackson Labs and maintained according to guidelines approved by the University Laboratory Animal Research Committee at Michigan State University in a facility maintained at 25°C with 12-h light and dark cycles. Starting at ages 6-7 wk, weight-matched mice were fed either a low-fat diet (control; 10% mixed fats) or HFD (45% mixed fats) ad libitum. Diets were purchased from Research Diets (10% mixed fats Diet D12450B and 45% mixed fats Diet D12451). Food was weighed, and diet was replaced two times per week. Mice were weighed one time per week.
Harvesting and Processing of Tissues. Mice were anesthetized with isoflurane, blood was collected by cardiac puncture, and serum was collected for additional analysis. In some experiments, blood was transferred to EDTA microtainers (BD Biosciences) for analysis of total blood cell counts. Bone marrow was harvested from both femurs of each mouse into Harvest Buffer (HBSS; Invitrogen), 10 mM Hepes, 4 mM sodium bicarbonate, and 4% heatinactivated FBS (pH 7.2; Atlanta Biologicals) as described previously (42) . After red blood cell lysis, bone marrow cells were resuspended in Label Buffer (HBSS, 10 mM Hepes, 4 mM sodium bicarbonate, 2% heat-inactivated FBS, 0.15% sodium azide, pH 7.2) for counting and flow cytometry analysis. Thymuses were removed, weighed, and processed by mincing and passing through a 100-gauge stainless steel screen. Thymocytes were washed and resuspended in Label Buffer for counting and flow cytometry analysis as previously described (10) . Epididymal fat was removed and weighed at each time point.
Determination of Serum Leptin. Serum leptin was determined using the mouse Leptin Quantikine ELISA kit (R&D Systems). . To verify bone marrow subpopulations, antibodies allophycocyanin (APC)-conjugated Ter119, R-phycoerythrin (PE)-conjugated rat anti-CD45R/B220, PE-conjugated rat anti-Ly-6G, and PE-conjugated rat anti-Ly-6G and Ly-6C (Gr-1) were used to identify erythrocytes, lymphocytes, and myeloid cells, respectively, as described previously (8, 26) (Fig. S2) .
Composition of B-cell lineages in the marrow was analyzed using CD43-FITC, CD45R-PerCP-Cy5.5, IgM-PE, and biotinylated IgD detected with streptavidin-PECy5 as previously described (8, 49) . Gr-1-APC was used to detect and eliminate myeloid cells from analysis. Single-color positive and three-color isotype samples were used for fluorochrome spectral compensation and correction for false-positive staining. All B220 + , Gr-1 − cells were Isotype control antibodies used were PE-conjugated rat IgG2a, biotinylated rat IgG2a, FITC-conjugated rat IgG2a, biotinylated rat IgG2b, PEconjugated rat IgG2b, and APC-conjugated rat IgG2b.
After labeling, cells were kept in 1.5% formaldehyde in PBS (pH 7.2-7.4) until ready for analysis. Flow cytometry was performed on either an FACS Vantage flow cytometer or an LSRII flow cytometer (BD) using a 488-nm laser. Data were analyzed using WinList 6 software (Verity Software House).
Isolation of Whole-Bone RNA, Bone Marrow RNA, and Quantitative RT-PCR. Isolation of bone marrow cells results in the total loss of marrow adipocytes. Because adipocytes in marrow express certain genes that may play a role in hematopoiesis, total RNA was isolated from both whole bone (with adipocytes) and marrow cells (without adipocytes). Mouse femurs were snapfrozen and crushed, and cells were lysed in TRIzol Reagent (Invitrogen). Separately isolated bone marrow cells were lysed in TRIzol Reagent, with total RNA isolated according to the manufacturer's recommendations, and they were further purified using the RNeasy Mini Kit (Qiagen) contaminating genomic DNA removed by RNase-free DNase set (Qiagen) for on-column DNase digestion according to the manufacturer's recommendations.
Reverse transcription of total bone marrow RNA was performed using the AffinityScript QPCR cDNA Synthesis kit (Agilent), and quantitative PCR was performed using the Brilliant II QPCR Master Mix (Agilent) according to the manufacturer's recommendations. Primers are described in Table S2 and were verified to have efficiency of >90% as estimated by a standard curve of purified amplicon. Analysis of quantitative PCR data was done using the −ΔΔC T method of comparison.
Immunohistochemical Staining of Bone. Femurs were fixed in 10% formalin for 24 h and then transferred to 70% ethanol. Fixed samples were decalcified in EDTA, embedded in paraffin, and sectioned at 5 μm. Slides were stained with H&E, and adipocytes were enumerated by visual inspection.
Statistics. Data were analyzed using the Student t test. Statistical significance was set at P < 0.05. Unless otherwise stated, means ± SEM are reported. The number of mice per treatment group was n = 7-8 unless otherwise stated. All experiments were performed two or more times unless noted.
